The paper presents analysis results of steel-concrete composite beams, identification and attempts to detect damage introduced in a discrete model. Analysis of damage detection was conducted using DDL (Damage, Detection, Localization), our own original algorithm. Changes of dynamic and static parameters of the model were analysed in damage detection. Discrete wavelet transform was used for damage localization in the model. Prior to ultimate analysis, two-tier identification of discrete model parameters based on experimental data was made. In identification procedure, computational software (Python, Abaqus, Matlab) was connected in automated optimization loops. Results positively verified the original DDL algorithm for damage detection in steel-concrete composite beams, which enables further analysis using experimental data.
INTRODUCTION
Steel-concrete composite beams are very often used as main carrying girders of public utility and industrial facilities, road bridges and pedestrian crossings. Owing to the functions composite beams play, special attention should be paid to their operation and technical condition. It is often required to detect damage in an already existing structure. It is common, currently, to constantly monitor the condition of civil engineering structures, particularly in case of newly built structures of key importance for the industry or tourism (e.g. turbine foundations, bridges). Structural health monitoring (SHM) of engineering structures has been discussed in many published papers. It is a system able to control, measure and analyze the initial signal, which is the response of the structure, to signal all irregularities that may provide evidence for the presence of damage. If damage in the structure can be detected early, it can quickly be repaired, which can extend the life-time of the structure. According to [1] , SHM is a cross-functional branch which combines elements of mechanics, electronics, IT and materials engineering. SHM should provide data about damage in an element, damage localization, about the degree of damage and prognosis about the time the damaged facility can be used for [2] . Data provided by SHM should be accompanied by information about the structure and history of its use. NonDestructive Testing (NDT) and SHM are based on non-destructive examination methods. NDT relies on periodic examination of the facility in its sensitive points. Both NDT and SHM analyze the initial signal usually based on modal analysis and less often on static analysis. There exists an extensive body of scientific achievements and detection methods linked to SHM [3] [4] [5] [6] [7] [8] [9] and it would be difficult to mention them all. A comprehensive review of the literature and research methods was presented elsewhere [8] . The present paper discusses some methods of damage detection based on wavelet transform analysis and model tuning methods. Wavelet transform (WT) is used to process and analyze non-stationary signals that provide time-frequency data. 1D, 2D and 3D graphic signals can be processed with it. It is used in analysis of radar and sonar signals, modern medical equipment and in structural health monitoring (SHM) of engineering facilities [10] [11] [12] . "Wavelets" are characterized by finite length, limited period, irregular shape and the average value of zero. The above mentioned characteristics show that wavelet transform is particularly useful for analyzing signals and functions, highlighting special points and nonlinearity of the input signal. It can be used for damage detection of civil engineering structures, including steel-concrete composite beams with their use as elements of bridges or composite floors. As regards composite beams [13] , a variety of problems were discussed, including beam deflection with partial or full shear connection [14] , reinforcement of 32 Maciej SZUMIGAŁA, Agnieszka PEŁKA-SAWENKO, Tomasz WRÓBLEWSKI, Małgorzata ABRAMOWICZ composite beams using CFRP polymer [15] , analysis of aluminium-concrete composite beams [16] , analysis of a variety of reinforcement types [17] and many more. SHM problems are still being developed and necessarily so. This paper continues my earlier work and focuses on damage identification and diagnostics in steel-concrete composite beams.
ANALYSIS FUNDAMENTALS
Wavelet transform can be divided into discrete (DWT) and continuous (CWT) transforms. In wavelet transform, the signal undergoes dilation or translation.
where f(u) = analyzed signal, a = dilation parameter, which defines the length of examined signal; b = wavelet translation in time domain, the product of scale coefficient (a) to frequency (ω); ψ(a,b) = mother wavelet. The present paper discusses DWT (discrete wavelet transform). DWT is based on Mallat algorithm. Contrary to CWT where the signal is analyzed in depth, DWT aims at minimizing the amount of data necessary to represent the signal (decomposition). It is achieved using two filters of high and low frequency. When signal f(t) passes the filters, it is divided into a detailed and approximating parts, referred to as approximation (ak) and detail (dj,k).
Approximations (ak) are high-scale and low-frequency elements of the signal. Details (dj,k) are low-scale and high-frequency signal components. Approximation detail is crucial in damage diagnostics. Further processing of the signal gives more general signal data. What is important is that during decomposition it is possible to detect even small anomalies in the signal, revealing disturbances in system response, which may be evidence of local damage. The fundamental equation of motion can be given by:
where: M = mass matrix, K = stiffness matrix, C = damping matrix, P = vector of model bias,
= respectively vectors of accelerations, velocities and displacements.
The eigenvalue problem can be solved by neglecting damping. Thus, after simplifying Equation (3), we receive:
For further analysis, Rayleigh damping was considered. Rayleigh damping consists of mass and stiffness damping matrices, given in its general form by:
where  = damping coefficient, expressed in (t-1) units, which accounts for external damping (it results from friction on supports, friction in bearings, weather conditions, etc.),  = damping coefficient, expressed in (t) units, results from viscosity of the structural material. The dimensionless damping coefficient can be given by:
where: ω = frequency of natural vibration.
COMPOSITE BEAM MODEL
The steel-concrete composite beams were 3.2 m in length and consisted of a IPE 160 steel I-beam, a 600x600 mm concrete slab and steel bolts arranged in pairs, every n=150 mm along the beam, used as the connection. The slab was made of C30/37 concrete and the I-section was made of S235 steel. The experimental setup was described more in-depth elsewhere [18] . Steel stud (B31) where:  = external damping coefficient (t -1),  = internal damping coefficient (t), indices bet = concrete slab, st = steel beam, zesp = connection. Frequency Response Function (FRF) of the model was determined using steadystate dynamic analysis (SSD), which analyzes linear response of a structure to harmonic excitation. The Direct method was used in SSD analysis. The method can be used to independently determine damping parameters for successive elements of concrete slab, steel section or connection. The damping coefficient was ultimately determined based on transformed Equation (2.6). Boundary conditions and excitation were the same as those in the experiment. Excitation was applied in the vicinity of point 2 in vertical direction, Figure 3 . Analysis of the excitation caused excitation of vertical flexural vibrations, which will be analyzed in further calculations. At this point of analysis, response of the model was measured in the middle points of the concrete slab and the steel section. 
Identification results for composite beams
The results of first stage identification for dynamic analysis are presented in Table 1 . It compares frequencies of natural vibrations obtained in the experiment with results from the discrete model. In static analysis, beam deflection values for three points were compared. Table 2 shows the results. Table 3 shows vectors of decision variables. Figure 5 shows graphs of selected forms of natural vibrations determined for points on the middle plane of the concrete slab. Tables 4 and 5 present the results of second stage of identification, i.e. comparison of amplitude values for the first three flexural forms. Figure 6 shows graphs in FRF logarithmic scale for selected measurement points. The values of the ultimate identification criterion of successive stages are presented in Table 6 . 
where Xi,nu = parameters of undamaged model, Xi,u = parameters of damaged model. The algorithm was verified on the basis of analysis conducted on two discrete models, i.e. for free-ends beam and for simply supported beam. The present paper discusses the results of the free-ends beam. Analysis was conducted using Abaqus computational solvers. Damage localization was based on discrete wavelet transform (DWT). The difference between discrete wavelet transform of the damaged and undamaged system for each successive point of the signal was given in a generalized form
where: DWTnu(a,b) = discrete transform of undamaged system signal; DWTu(a,b) = discrete transform of damaged system signal. For clarity purposes, the difference between transforms was normalized in a scale from 0 to 1, relative to the highest value of the transformed signal. Values close to 1 suggest it may be the location of damage.
Damage definition for composite beams
Damage is introduced into the model to verify our own, original algorithms of damage detection. Three types of damage were pre-defined. U1 -first type of damage -is damage of the bottom flange of the steel section. Damage was achieved by reducing the modulus of longitudinal elasticity in the steel beam, 2.4 m away from the head of the beam. 50% reduction was pre-set in a selected element. A schematic of the beam with damage is shown in Figure 7 . Fig. 7 . Schematic of U1 type of damage Diagnostics was performed next for composite beams with damaged concrete slab. U2 -second type of damage -was introduced by reducing the substitute dynamic modulus of longitudinal elasticity by 10%, 2.05 m away from the edge of the beam. A schematic of the beam with damage is shown in Figure 8 . U3 -third type of damage -was damage of the connection. The pre-defined assumption was that the third and fourth pairs of steel bolts counting from the edge of the beam will be damaged. were defined by determination of the maximum error according to Equation (5.1) for successive parameter values. Figure 9 shows changes in the vectors of natural vibration for the third (U1 and U2) and the four (U3) flexural form. Figure 10 shows changes in model resistance. 
CONCLUSIONS
The aim of this paper was to conduct static-dynamic analysis of steel-concrete composite beams and to attempt to detect damage of a discrete model. Prior to damage diagnostics, a two-tier process of identifying static-dynamic parameters of the discrete model based on experimental data was conducted. This necessary process is about fitting parameters of a model using experimental data.
The results of parameter identification show that results obtained with the original discrete models are consistent with those obtained in the experiment. Advanced tools were used for modeling (Python), computations (Abaqus) and optimization (Matlab), which significantly facilitated the tuning of the discrete models. The originally developed identification algorithm can be used not only for the tuning of discrete models of composite beams, but also for other civil engineering components with simple or complex structure. Analysis of damage detection was conducted based on the originally developed algorithm. Wavelet analysis was used. Changes in dynamic parameters of damaged model were compared with those of undamaged model. Not all methods used for detection were successful. This stage of diagnostics only signals about changes in the response of a system. DWT that used several signals obtained in dynamic analysis could quite precisely locate damage. This confirms the possibility of using DWT for diagnostics of composite beams. Disturbances at graph ends result from analysis of the signal conducted with wavelet transform. In order to eliminate disturbances, some scientists, e.g. [10] , extrapolate the signal which can get rid of disturbances. Interestingly, the disturbances also had an effect on the results produced by the program. However, analysis of several DWT signals can verify disturbances caused by failure to apply extrapolation. Further analysis is necessary on the effect of measurement mesh density and distance between damage and the line of points on detection results. At this point, the diagnostics algorithm is extended to include experimental data about steelconcrete composite beams.
